INTRODUCTION
The sequence of enzymic steps leading to protohaem formation is well established and has been found to be the same in all organisms studied so far (Fig. l) , except for the first step (formation of 5-aminolaevulinic acid), which is different in plants ( Labbe-Bois & Labbe, 1978) . However, only fragmentary information is available about the regulation of this pathway, most of it obtained by studies of mammalian porphyrias. These diseases are characterized by an excessive increase in production and excretion of porphyrin and/or its precursors due to partial deficiencies of a specific enzyme. The profile of accumulated and excreted haem precursors indicates the existence of compensatory mechanisms overcoming the enzymic defect, to maintain nearly normal end-product synthesis (see references in Elder, 1978 ; DOSS, 1982) .
The availability of haem-deficient mutants enables detailed studies of the mechanism of regulation of this pathway to be made. Since Saccharomyces cereuisiae cells totally deficient in haem synthesis are viable and able to grow on fermentable carbon sources, this yeast provides a unique system for studying this problem. Haem-less mutants of Saccharomyces cereuisiae have been isolated on the basis of respiratory deficiency (see references in Mijake et al., 1972; Woods et al., 1975; Gollub et al., 1977) , or lack of catalase activity (Pachecka etal., 1974; Labbe-Bois et al., 1977; Urban-Grimal & Labbe-Bois, 198 1) . The mutants isolated by Urban-Grimal and Labbe-Bois have been assigned to seven out of the eight enzymic steps of the haem synthetic pathway (Urban-Grimal & Labbe-Bois, 1981 ; . Biochemical analysis of mutants completely blocked in haem synthesis revealed that deficiency in haem due to a defect in a single enzyme led to changes in activities of other enzymes of the pathway (Bilinski et al., 1981 ;  Urban-Grimal & Labbe-Bois, 1981 ; Rytka et al., 1984) , indicating the complexity of the regulatory mechanisms that coordinate haem synthesis.
The isolation of a mutant of the obligatory aerobic yeast Saccharomycopsis lipolytica, which overproduced protoporphyrin while maintaining haem synthesis (Bassel et al., 1975) prompted us to undertake a systematic search for Saccharomyces cerevisiae mutants partially defective in, or changed in the regulation of, haem synthesis, in which the defect would be expressed -----. phenotypically as accumulation and/or excretion of porphyrin and its precursors with preserved respiration and ability to grow on nonfermentable carbon sources. Because of the fluorescence of porphyrins, it was expected that mutant colonies accumulating haem precursors would fluoresce under UV light. The results described here show that this assumption was justified.
METHODS

Strains.
The haploid Saccharomyces cerevisiae strains used are listed in Tables 1 and 2 .
Media and culture conditions. Yeast strains were routinely grown on YPG medium, containing 1 % (w/v) yeast extract, 2% (w/v) bacto-peptone and 2% (w/v) glucose, or on YPE medium (glucose replaced by 2%, v/v, ethanol).
When necessary, media were supplemented with a mixture of Tween 80/Tween 20 (4: 1, final concentration 1 %, v/v) and ergosterol (20 mg 1 -I ) (YPG-TE, YPE-TE). Solid media\were prepared by adding 2% (w/v) agar.
For analysis of absorption spectra, cells were either grown at 30 "C in liquid media in a rotatory shaker and harvested at early stationary phase by centrifugation, or grown on plates for 48 h and scraped off the agar. Mutagenesis and genetic analysis. One-step standard mutagenesis by ethyl methanesulphonate, methyl methanesulphonate or UV treatment was performed (Fink, 1970) . Standard media and procedures were used for crossing, sporulation and tetrad analysis (Mortimer & Hawthorne, 1969; Fink, 1970) .
Spectra qf whole cells. Spectrophotometric analysis of cytochrome and tetrapyrrolic pigment content was performed on whole cell pastes at liquid nitrogen temperature with folded Parafilm as a blank. The spectra were recorded on a Specord UV VIS spectrophotometer. Reduction was achieved by endogenous substrates (Rytka et al., 1978) .
RESULTS A N D DISCUSSION
Isolation of mutants
Porphyrins may be detected directly in biological materials by their characteristic red fluorescence (Falk, 1964) . We found that strain B214 of Saccharomycopsis lipolytica, which overproduced protoporphyrin IX (Bassel et al., 1979 , strongly fluoresced when colonies were examined under UV at 366 nm. Therefore it seemed possible to select Saccharomyces cerevisiae mutants accumulating porphyrin precursors on the basis of colony fluorescence. Table 2 .
Genotypic characteristics of mutants isolated
Ten of the Sm mutants have been assigned to known HEM loci on the basis of absence of complementation with defined heml2-1 and heml.5-1 mutant strains (Urban-Grimal & Labbe-Bois, 1981); the numbers of mutated alleles are also given. The genetic lesions in strains Sm14, Sm20 and Sm32 have not been determined.
Designation
Parental strain Genotype of mutant
a leu1 arg4 hem12-2 (Rytka et al., 1984) a leul argl hem12-3 (Rytka et al., 1984) a leul argl hem12-4 (Rytka et al., 1984) Since the aim of this work was the isolation of mutants partially defective in haem formation, mutants of interest would be able to respire, due to preserved haemoprotein synthesis, and consequently would grow on nonfermentable carbon sources. Cells grown in liquid YPE to the stationary phase were mutated and plated on solid YPE medium (10000 cells per plate, 1% survival). After 4-5 d incubation at 30 "C, well-grown colonies were tested for red fluorescence under UV light at 366nm. The fluorescing clones were purified by restreaking and again examined under UV. For further analysis, clones which continued to fluoresce after at least four subclonings were isolated. By this procedure 13 fluorescing mutants, named Sm, were isolated out of 1.8 x lo5 colonies tested in eight independent mutageneses. The parent strains and Sm mutants are listed in Table 2 . 
Spectrophotometric analysis of whole cells
Spectrophotometric analysis of the cytochrome and tetrapyrrolic pigment content of the mutant cells revealed the accumulation of porphyrin precursors. The whole-cell spectra of each of the mutants (Fig. 2) show the accumulation of porphyrins or Zn-porphyrins characterized by absorption peaks at about 540-545, 570-575 and 630nm (Chaix & Labbe, 1965; Pretlow & Sherman, 1967; Labbe-Bois et al., 1977) . In some mutants the vast accumulation of porphyrins masked the cytochrome peaks. The accumulation of a mixture of free and Zn-chelated porphyrins was described by Urban-Grimal and Labbe-Bois (1981) for mutants heml2-2, heml4-l and hem2.5-1, blocked in the fifth, seventh and eighth step of haem synthesis, respectively (Fig. 1) . Pigments absorbing at 535 nm and 575 nm were also observed in whole-cell spectra of the haem-deficient mutant H1 1, deficient in coproporphyrinogen oxidase (the sixth step of the haem biosynthetic pathway) (Bilinski et al., 1981) .
Segregation of' Sm phenotype
Sm mutants were crossed with standard strains of opposite mating type (SP20, AH201). All the diploids isolated failed to fluoresce under UV light and gave normal, w ctivity AH22, Id-type cytochrome spectra, showing that all the mutations were recessivk. Tetrad analysis of the crosses was carried out. The spore colonies were tested for mating type, auxotrophic markers and fluorescence. Segregation of the mutant to the wild-type phenotype was 2 : 2, indicating that the observed porphyrin accumulation was under control of a single, nuclear gene. Although a clear 2 : 2 segregation was observed when the cytochrome spectra of spore clones were analysed, some of the Sm segregants contained less or more pigment than the original mutant. The same effect was observed for the pop, mutant of Saccharomyces cerevisiae described by Pretlow & Sherman (1967) and for the pop, mutant of Saccharomycopsis lipolytica (Bassel et al., 1975) . This phenomenon was especially pronounced in some spore derivatives of crosses of Sm14, Sm20, Sm32 with the standard strain. It should be noted that the viability of spores was very low and only a few tetrads were analysed.
:a) Fig. 3 . Low-temperature absorption spectra of whole cells of the diploids derived from crosses between the heml2-1 tester strain G121 and mutants allelic to it. WT, wild-type strain SP4.
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Wavelength (nm) Fig. 4 . Low-temperature absorption spectra of whole cells of the diploids derived from crosses between the heml5-1 tester strain G214 and mutants allelic to it. WT, wild-type (strain SP4).
Complementation tests
As mentioned above, mutants completely blocked in seven steps of haem synthesis were isolated by Urban-Grimal & Labbe-Bois (1981) (Fig. 1) . In order to define in which of the steps of haem biosynthesis the Sm mutants were defective, complementation tests were performed with the set of Hem-mutants with defined lesions. Since porphyrins are formed by enzymic addition of four porphobilinogens, we chose for the complementation the strains defective in steps following the block in uroporphyrinogen I synthase, i.e. those deficient in uroporphyrinogen decarboxylase (heml2-2), coproporphyrinogen I11 oxidase (heml3-l), protoporphyrinogen oxidase (hemll-l) and ferrochelatase (heml.5-1). The diploids derived from crosses of Sm mutants with test strains were examined for fluorescence and by running low-temperature spectra of whole cells. The results of complementation analysis are reported in Table 3 , and Figs  3 (a, b) and 4 show the spectra of cells of noncomplementing diploids as compared with spectra G121 hernI2-I, G216 heml3-1, G122 heml4-1 and G214 hemI5-1 were the tester strains with defined enzymic lesions (Urban-Grimal & Labbe-Bois, 1981). The respective spore clones of opposite mating type were isolated in this study. On the basis of results in this Table some of the Sm mutants were assigned to HEM loci, as indicated in parentheses. The diploids were tested for fluorescence and whole-cell absorption spectra. Complementation; -, absence of complementation of the parental haem-deficient strains. It appeared that mutants Sml, 2, 3, 6, 7, 39 and 40 belonged to the same complementation group and did not complement hemZ2-Z (G121), totally deficient in uroporphyrinogen decarboxylase, whereas Sm4, 12 and 41 did not complement the hemZ5-1 (G214) mutant lacking ferrochelatase activity. In all cases the diploids exhibited the phenotype of the Sm parent in that they grew on ethanol and gave absorption spectra characteristic for strains partially defective in haem synthesis. The mutations leading to porphyrin formation in strains Sm14, Sm20, Sm32 could not be assigned to any known H E M locus, since they complemented all the test Hem-mutants; they also complemented each other. It is possible that these three mutants have defects in gene(s) involved in regulation of haem synthesis, but to test this possibility a detailed genetic analysis is necessary.
Mutants in the HEMZ2 locus Although mutants Sml, Sm2, Sm3, Sm6, Sm7, Sm39 and Sm40 belonged to the same complementation group, the absorption spectra of whole cell preparations were not identical (Fig. 2a, 6 ). The most pronounced accumulation of pigments absorbing at 530-535 nm and 570-575 nm was observed for strain Sml. On the other hand, strain Sm7 accumulated less Znporphyrins than other mutants of the same group. The same phenomenon was observed in a diploid resulting from a cross of strain Sm7 with strain G121, bearing the heml2-Z mutation (Fig. 3b) . However, the diploids resulting from crosses of Sm7 with hemZEZ, hemZ4-Z and hemZ.5-Z mutants did not show a Zn-porphyrin absorption band at about 570nm. Both Sm7 haploid and diploid Sm7 x G121 strongly fluoresced under UV light; therefore we assigned Sm7 to the hem12 complementation group.
We have also analysed the previously isolated cat9 mutant for which no clear enzymic lesion was found (Labbe-Bois et al., 1977) . As is shown in Fig. 3(c) , the cat9 mutant appeared to be allelic to G121 and Sml, indicating that the primary defect in cat9 is in uroporphyrinogen decarboxylase.
Detailed biochemical analysis of strain Sml (Rytka et al., 1984) proved that its mutation caused a defect in uroporphyrinogen decarboxylase, resulting in a 7040% decrease of enzyme activity in cell-free extracts and alteration of the rates of the different decarboxylation steps. It has been shown that the biochemical characteristics of mutant Sml were very similar to those known for human porphyria cutanea tarda, which is characterized by a decreased level of uroporphyrinogen decarboxylase (Sassa & Kappas, 198 I). However, the molecular nature of that defect is not yet known.
Since the spectra of the hemZ2 mutants described above are different, we can expect that they carry different defects in uroporphyringogen decarboxylase. Detailed biochemical analysis of the porphyrins accumulated and of the enzyme activity should give some insight into the functioning of uroporphyrinogen decarboxylase, especially concerning the number of catalytic sites.
Mutants in the HEM15 locus
The phenotype of the Sm mutants allelic to hernl5-1 (Sm4, Sm12 and Sm14) depended on the presence of Tween in the medium. Cells grown on YPG, YPE or minimal medium accumulated vast amounts of porphyrins, whose absorption peaks overlapped the cytochrome peaks in the low temperature spectra (Fig. 2c) . These porphyrins are characterized by absorption peaks near 575 nm and 630 nm or near 585 nm and 645 nm which are due to protoporphyrin monomer or aggregated protoporphyrin, respectively. However, after growth in media containing the standard mixture of Tween 80 and Tween 20, the mutant cells still fluoresced under UV light but their absorption spectra were much the same as those of the wild-type (Fig. 5) . In strains Sm4 and Sm12 the small peak at 630 nm, corresponding to protoporphyrin monomers, was still observed, but in strain Sm41 even that peak disappeared. When the cells were grown on solid minimal medium supplemented with Tween, the characteristic red fluorescence of the medium surrounding the colony was observed. Therefore in the presence of Tween the cells excreted the porphyrins into the medium. Addition of other detergents such as Brij-35 and Triton X-100 to the medium also caused excretion of the protoporphyrin by mutant cells. This effect of detergents was not observed with the hernl.5-l strain G214, which helped us to differentiate the segregation of Sm and G214 phenotypes in tetrad analysis. A similar phenomenon has been described by Bassel et al. (1975) in the pop, mutant of Saccaromycopsis ZipoZytica that accumulated protoporphyrin IX and excreted it when grown on media containing detergents such as Tween 40 or Tergitol.
For more detailed genetic analysis the diploid derivatives of crosses Sm12 x Sm4, Sm4 x Sm41 and Sm12 x Sm41 were analysed. The mutants did not complement. The diploids fluoresced and their low-temperature spectra showed the accumulation of protoporphyrin (Fig.  6) . The diploids sporulated but the viability of the spores was extremely poor. From about 100 tetrads dissected, only 4 complete tetrads were obtained; all showed the parental ditype of segregation for porphyrin accumulation.
The diploid derivatives of crosses Sm12 x G214 and Sm41 x G214 sporulated and germinated fairly well. Tetrad analysis of these diploids was carried out (Table 4) . The spore colonies were tested for segregation of mating type, auxotrophic markers and mutant phenotype defined by fluorescence, and for protoporphyrin accumulation by means of absorption spectra. To distinguish the phenotype of the G214 parent the inability to grown on ethanol, and catalase activity (an indicator of haem synthesis), were also analysed. In all the tetrads fluorescence and absorption spectra showed the parental ditype of segregation, indicating that mutants Sm12 and Sm41 were allelic with G214. However, two other phenotypic characteristics of strain G214 did not segregate 2 : 2 in all tetrads analysed. In five segregants the restoration of haem synthesis (presence of active catalase) was not correlated with the ability to grow on nonfermentable carbon sources. Moreover, three segregants required Tween and ergosterol for growth, which was not the case for the parental strains. These irregularities in segregation disagree with the predicted segregation of two mutated alleles of the same gene. We expected that the traits resulting from the complete block of haem synthesis in strain G214 would segregate 2:2. The genetic data might indicate that the lack of ferrochelatase activity in strain G214 resulted from two mutations: one, heml5-1, affecting the structural gene of ferrochelatase and another affecting the expression of this mutation. However, simultaneously we have observed a high frequency of 'partial reversion' in strain G2 14. The reverted colonies accumulated protoporphyrin and did not grow on ethanol but they synthesized haem, as judged by the restoration of catalase activity. To interpret these results one has to take into account the multiplicity of factors which could interfere with the last step of haem synthesis. The ferrochelatase essentially catalyses the insertion of Fe2+ into protoporphyrin IX. It is a membrane-bound enzyme localized in the inner mitochondria1 membrane so its activity is dependent on the presence of fatty acids and/or phospholipids. It requires for normal functioning an adequate supply of protoporphyrin, and normal metabolism of Fe*+. On the other hand, the accessibility of protohaem for metabolic functions may modify the phenotype due to haem deficiency Taketani & Tokunaga, 1981 Labbe-Bois et al., 1983) . Therefore our results may indicate that depending on the physiological conditions, the same mutation can be expressed differently, reflecting the complexity of functioning of ferrochelatase.
